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Abstract The central nervous system (CNS) is traditionally
viewed as an immune privileged site in which overzealous
immune cells are prevented from doing irreparable damage.
It was believed that immune responses occurring within the
CNS could potentially do more damage than the initial
pathogenic insult itself. However, virtually every aspect of
CNS tissue damage, including degeneration, tumors, infec-
tion, and of course autoimmunity, involves a significant
cellular inflammatory component. While the blood–brain
barrier (BBB) inhibits diffusion of hydrophilic (immune)
molecules across brain capillaries, activated lymphocytes
readily pass the endothelial layer of postcapillary venules
without difficulty. In classic neuro-immune diseases such as
multiple sclerosis or acute disseminated encephalomyelitis,
it is thought that neuroantigen-reactive lymphocytes, which
have escaped immune tolerance, now invade the CNS and
are responsible for tissue damage, demyelination, and axo-
nal degeneration. The developed animal model for these
disorders, experimental autoimmune encephalomyelitis
(EAE), reflects many aspects of the human conditions.
Studies in EAE proved that auto-reactive encephalitogenic T
helper (Th) cells are responsible for the onset of the disease.
Th cells recognize their cognate antigen (Ag) only when
presented by professional Ag-presenting cells in the context
of major histocompatibility complex class II molecules. The
apparent target structures of EAE immunity are myelinating
oligodendrocytes, which are not capable of presenting Ag to
invading encephalitogenic T cells. A compulsory third party
is thus required to mediate between the attacking T cells and
the myelin-expressing target. This review will discuss the
recent advances in this field of research and we will discuss
the journey of an auto-reactive T cell from its site of
activation into perivascular spaces and further into the target
tissue.
Keywords Experimental autoimmune encephalomyelitis .
Multiple sclerosis . Autoimmunity . Inflammation . CNS .
Ag-presentation
BURKHARD BECHER
received his Ph.D. degree at the
Institute for Molecular Genetics,
University of Cologne, Ger-
many. He did his Post-Doc at
McGill University in Montreal,
Canada and at the Department of
Microbiology and Immunology
at Dartmouth Medical School,
Lebanon, NH, USA, where he
became an assistant professor in
2002. Since 2003, he is a
professor and director of the
Neuroimmunology Unit at the
University Hospital of Zurich,
Switzerland.
MELANIE GRETER
received her MSc degree in
Biology at the University of
Zurich, Switzerland and per-
formed her master’s thesis at
the institute of Neuropathology
at the University Hospital Zu-
rich. Since 2003, she is carrying
out her Ph.D. studies at the
Neuroimmunology Unit of the
University Hospital of Zurich,
Switzerland.
B. Becher (*) . M. Greter












The central nervous system (CNS) is often referred to as a
site of limited immune surveillance. This concept dates
back to the seminal work of Medawar [1] and Barker and
Billingham demonstrating that allografts fare better in the
CNS compared to other tissues [2, 3]. Its “immunologically
privileged” status has for long been attributed to the blood–
brain barrier (BBB) and the lack of classic lymph vessels.
However, the concept of a BBB describes a mechanical
diffusion barrier for hydrophilic molecules (including
plasma proteins such as antibodies and complement)
formed by specialized endothelial cells at the level of
capillaries, while recruitment of leukocytes takes place in
postcapillary venules. In fact, it became apparent that
leukocytes readily cross the brain endothelial cells to reside
in perivascular spaces or move on into the neuropil (for a
review, see [4, 5]. Moreover, it is now established that
antigens efficiently drain into cervical lymph nodes via the
cribroid plate and perineural sheath of cranial nerves [6],
and recent data suggest similar routes for antigen-pre-
senting cells [7–9]. In fact, the CNS is the apparent target of
heavily studied autoimmune diseases such as multiple
sclerosis (MS), acute disseminated encephalomyelitis
(ADEM), and its animal model experimental autoimmune
encephalomyelitis (EAE). Although the etiology of MS
remains to be definitively established, the most widely
accepted view of the pathogenesis of the disease implicates
a cellular immune response as a central requirement
(reviewed in [10]). This view is supported by the
histopathologic observations of the presence of activated
T cells in the perivascular spaces and the parenchyma in the
early phases of the disease. These inflammatory lesions are
the apparent substrates corresponding to the recurrent
lesions seen with magnetic resonance imaging [11–13].
Studies of the EAE model have helped define the
sequence of events involved in the development of
autoimmune CNS-directed inflammatory disease. This
sequence of immunopathological events can be subdivided
into two major phases:
1. Initial T-cell priming/activation
2. Subsequent recruitment and effector phase
T-cell priming can be initiated by systemic immunization
with myelin Ags [10]. Protein Ag and peptides are
presented by Ag-presenting cells (APCs) within secondary
lymphoid organs leading to the activation and expansion of
neuroantigen-reactive T cells. The major antigens that can
induce EAE include myelin basic protein (MBP), proteo-
lipid protein, and myelin oligodendrocyte glycoprotein
(MOG). Activated myelin-reactive T cells migrate then to
the CNS where they reencounter their cognate Ag, in the
context of major histocompatibility complex (MHC) class
II molecules [14, 15]. Within the CNS, initial Ag
presentation is likely to occur in Virchow–Robin spaces
(Fig. 1). Perivascular macrophages (MΦs)/“microglia” as
well as dendritic cells (DCs) located within this compart-
ment [16, 17] are the only cells associated with the CNS
expressing MHC class II molecules. The contribution of
astroglia in Ag presentation during the early phase of
disease is unlikely (reviewed in [18]). It is widely held that
the activation and expansion of encephalitogenic T cells
occurs within the systemic immune compartment and not
within the CNS. This is certainly the case for EAE and
ADEM and we will thus, in this review, not elaborate on T-
cell priming during immunization-induced autoimmunity.
We will, however, later discuss the hypothesis that CNS
inflammation may be initiated within the CNS.
Fig. 1 Topography of the perivascular (Virchow–Robin spaces).
a Three basal laminae separate the blood from the neuropil. The first
one (1) is located around the endothelium. At regions where
pericytes engulf these cells, the lamina splits and forms a second
sheath (2). The third membrane (3) is associated with the astrocytic
endfeet building the glia limitans (labeled with GFAP and indicated
by arrows). The compartment between the second and the third
basement membrane is the perivascular space. Note that pericytes
(PY) and perivascular antigen-presenting cells (PC, a macrophage is
shown here) belong to different compartments. Open arrows
indicate cellular processes of the macrophage in vicinity to the
vessel wall. b, c The Virchow–Robin space is connected to the
subarachnoid space as evidenced by intraventricular tracer injec-
tions. At this point, a dextran-amine (mini-ruby, MR) was inserted.
Within minutes, the tracer diffuses within the CSF along the
perivascular spaces, where it is phagocytosed by perivascular cells
(arrow in b) leading to phagocytosis-dependent labeling. The tracer
remains confined to the compartment between the second and third
basal lamina. The glia limitans apparently provides a tight barrier
(c) [118]. Scale bars, 0.5 μm
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After a few days, a substantially increased number of
activated T cells enter the CNS, fostering subsequent T-cell
migration deeper into the CNS parenchyma [19]. They can
now cause tissue destruction leading to, depending on the
model, demyelination and, ultimately, neurologic deficit.
During this phase, microglial cells are thought to provide
additional Ag-specific as well as MHC-independent
signals for invading inflammatory T cells. We propose
that, during both phases, the interactions of auto-reactive
Th cells with CNS resident cells are critical determinants of
disease development. We will focus here on the recent
advances made in understanding the contribution of CNS
resident and associated cells in autoimmune-mediated
tissue injury.
Antigen presentation and T-cell immunity
Antigen presentation is a crucial process during immunity
for the generation of protective T-cell responses against
pathogens or other foreign structures. This requires APCs
capable of engulfing foreign microorganisms and expressing
the antigenic peptides in the major histocompatibility
complex molecules on the cell surface. CD4 T cells
recognize antigens that are associated with the MHC class
II molecules, whereas CD8 T cells bind antigen–MHC class
I complexes. Both naïve CD4 and CD8 T cells become fully
activated only when receiving additional co-stimulatory
signals from the APC, whereas the activation of T cells that
have already been “primed” or exposed to their antigens
may be less dependent on co-stimulation [20, 21]. There are
“professional” APCs equipped to initiate a primary immune
response by the presentation of antigen to naïve T cells and
“non-professional” APCs that can only stimulate a second-
ary response by the presentation of antigen to primed Tcells.
The dendritic cells and macrophages of the immune system
possess the former ability, whereas B cells and certain
stromal cells may engage in secondary T-cell responses [22].
MS and EAE are thought to be mainly mediated by the
actions of myelin-reactive CD4 T cells. This notion is most
strikingly supported by the fact that the adoptive transfer of
myelin-reactive CD4 T lymphocytes into naïve animals can
initiate EAE. The role of CD8 T cells remains controversial
[23, 24], while several groups could clearly demonstrate that
CD8 T cells restricted to an MHC class I myelin antigen can
transfer EAE [25–27]; the lack of CD8 T cells in actively
immunized mice worsens EAE development [28, 29]. For
the purpose of clarity, we will focus on CD4 Tcells, but very
similar rules apply to CD8 T cells.
Most tissues of the body contain APCs, which capture
antigen and migrate to the draining lymph nodes for the
initiation of T-cell activation. Once activated, T cells leave
the lymphoreticular system, and infiltrate and inspect tissues
for foreign antigens that are being displayed on resident
APCs. If T cells were fully activated, they proliferate,
differentiate, and acquire an increased sensitivity to Ag on
restimulation in tissues. The most effective APC of the
systemic immune compartment are DCs. DCs are currently
being heavily investigated as they appear to conduct major
control over the development of immunity. Several distinct
subtypes of DCs have been identified and their distinct
immune function is being investigated. Under steady-state
conditions, DCs constantly capture Ag and present it to T
cells. Under such conditions, DCs do not effectively prime
naïve T cells due to the lack of appropriate secondary
co-stimulatory signals. These “inefficient” T cell/APC en-
counters are likely to mediate peripheral immune tolerance
[30]. The presence of danger signals such as microbial
products, however, leads to DC activation, maturation, and
ultimately licensing such DCs to prime naïve T cells. DC
maturation leads to an arrest of MHC recycling and, hence,
the formation of stable MHC/peptide complexes. Further-
more, DC maturation coincides with an increase in the
expression of co-stimulatory signals required for efficient
priming. We will apply this concept to CNS immunity and
inflammation.
Encephalitogenicity
In addition to T-cell activation and expansion, APCs are also
capable of regulating the differentiation of effector T cells.
During their activation, CD4 T helper (Th) cells can
differentiate into at least two subsets of effector cells: Th1
cells, which secrete predominantly IFNγ and TNFα, and
Th2 cells which secrete IL4, IL5, and IL10. In general, Th1
cells are responsible for eliciting phagocyte-mediated
defense against infections and for promoting the differen-
tiation of CD8 T cells into active killer cells, whereas Th2
cells mediate humoral immune responses by stimulating the
differentiation of B cells and can downregulate Th1
responses. As well as their protective roles in host defense,
Th1 cells were proposed to also mediate organ-specific
autoimmunity and have been implicated in the pathogenesis
of EAE and MS [31]. Th2 cells can conversely suppress
EAE and MS, although they may exacerbate these diseases
in immuno-compromised hosts [32]. Thus, the final
composition of the Th cell response to antigen can determine
whether the outcome of infectious, inflammatory, and
autoimmune responses is beneficial or detrimental. Many
factors influence the development of Th1 or Th2 cells: for
example, the cytokines (e.g., IL12 favors Th1 cells and IL4
favors Th2 cells), the Ag doses, the co-stimulatory
molecules as well as the types of activated APCs. The
Th1/Th2 concept has recently undergone a significant
paradigm shift. This shift was brought about by the
observation that the major Th1 cytokine IFNγ could be
demonstrated to not exacerbate disease development. On the
contrary, lack of IFNγ actually worsens the disease [33] and
even permits disease development in otherwise resistant
mouse strains [34, 35]. In addition, mice lacking the most
critical Th1-inducing cytokine IL12 are also hyper-suscep-
tible to EAE [36–38]. This and a host of additional data
indicate that the Th1/Th2 paradigm does not apply to EAE
but that a discrete population of ThIL17 cells driven by IL23
is important for the development of autoimmune diseases
such as EAE or collagen-induced arthritis [39–41].
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Immune privilege
Immunity is necessary to eliminate dangerous infectious
agents and to support regeneration, but it also causes
significant tissue damage. At sites harboring irreparable
structures such as cornea and lens in the eye or neuronal
networks in the brain, where regeneration for obvious
reasons is limited, a strong evolutionary pressure may have
caused organ-specific modulation of immunity (for a
review, see [5, 42]). The anti-inflammatory environment
of eye and brain became apparent in transplantation studies
[1] and their state of relative tolerance to grafts has been
termed “immunologically privileged” [2]. In the brain,
immune privilege has been attributed to two morphological
peculiarities of this organ, the absence of classical lymph
vessels and the BBB, a mechanical diffusion barrier for
hydrophilic blood molecules built by specialized tight
junctions in brain capillaries [5]). However, antigens turned
out to drain from brain to cervical lymph nodes [6], and
leukocyte recruitment takes place in postcapillary venules
[4]. The picture of the brain being ignored by the immune
system has thus been shifted to a more dynamic scenario, in
which immune tolerance is actively maintained involving
various mechanisms such as peripheral depletion and tight
control over the activation state of local APCs (for a review,
see [42]). The former is achieved by the constitutive
expression of CD95 ligand (FasL and Apo1L) allowing
apoptotic elimination of activated T cells [43–45]. As for the
latter, vasoactive intestinal peptide [46] and transforming
growth factor-beta [47] seem to be key players (for a review,
see [5]). Moreover, a negative feedback mechanism exists
involving the induction of indolamine 2,3-dioxygenase on
microglia through IFNγ secreted by encephalitogenic Th1
cells leading to arrest or apoptosis of T cells [48].
As a consequence of such multilayered tolerance
mechanisms, the CNSmicroenvironment appears inefficient
for an immune-mediated inflammation, a necessary event to
defeat pathogens. From an evolutionary point of view, it
may in fact be less detrimental for the individual to tolerate
certain neurotropic viruses (such as varicella zoster) than the
elimination of all infected neurons [5, 42]. In mice, infection
of peripheral tissues with lymphocytic choriomeningitis
virus (LCMV) usually induces a massive expansion of
virus-specific CD8 T cells, which results in efficient viral
clearance and host survival [49]. When the virus is
inoculated directly to the CNS, however, it causes a lethal
disease. There is unequivocal evidence that the virus-
specific T-cell response is implicated in the fatality of
LCMV infection in the CNS [50, 51]. Should it be infected,
the CNS would appear a defenseless victim, at the mercy of
the peripheral immune system to control or end the attack.
Nevertheless, T cells that control infections of the peripheral
tissue without causing irreparable collateral damage cannot
do so within the brain. This may be attributed to the simple
fact that lost neurons can hardly be replaced and, therefore,
dealing with viral infections in the brain is impossible
without causing permanent or even lethal cell loss. How-
ever, a recent study in which patients were treated with a
mAb against VLA4 demonstrates that restricting the CNS’
immune surveillance (Fig. 2) could potentially lead to out-
of-control expansion of pathogens such as the normally
well-controlled JC virus (human polyoma virus) [52]. Under
pathologic conditions, the action of CNS-associated APCs is
absolutely essential for the immune invasion of the CNS.
This also suggests that permanent elimination of infectious
agents may take place within the brain in the absence of
significant clinical symptoms.
MHC and co-stimulatory molecules are indeed strongly
upregulated in CNS infections and in virtually all other
CNS pathologies, including ischemia, axonal degeneration,
neoplasm, traumatic nerve injury, and neurodegenerative
disorders, such as multiple sclerosis, HIV-associated
dementia, and Alzheimer’s, Parkinson’s, and Creutzfedt–
Jakob’s disease [53–59]. Why and how such immune-
associated reactivity occurs in the disturbed CNS remains
speculative; such reactivity may reflect an attempt of the
CNS to defend and repair. For example, CD4 T cells are
recruited to sites of myelinated axon injury [60], and they
promote regeneration of neurons via secretion of nerve
growth factors after in situ antigen-specific activation
[61–63], but secondary damage has also been reported
[64, 65]. In MS, immune reactivity in the CNS also
becomes destructive. CD4 T cells are blamed for wrongly
attacking CNS myelin through secretion of pro-inflamma-
tory cytokines and activation of cytopathic factors and
cytotoxic CD8 T cells [31, 66, 67].
All of these examples clearly show that immunity within
the CNS does occur and emphasize the delicate balance of
Fig. 2 There is vivid immune surveillance in perivascular spaces, as
activated T cells pass the vessel wall of postcapillary venules even
under apparently physiologic conditions. However, progression into
the neuropil appears to depend on antigen recognition and re-
stimulation by antigen-presenting (dendritic) cells located in
Virchow–Robin spaces [17]. This reconfirmation and target recog-
nition event apparently enables T lymphocytes to pass the glia
limitans and to enter the brain parenchyma, where they can interact
with microglial cells which drive the inflammatory cascade leading
to tissue damage [99]. In the absence of APCs presenting the
cognate antigen, T cells do not proceed across the glia limitans.
They may either recirculate or undergo apoptosis
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costs over benefits during neuroinflammation. In the
following, we will focus on the key question, where and
how antigens are presented within the CNS.
Antigen presentation and target recognition in EAE
In EAE and ADEM, the priming phase occurs within the
systemic immune compartment. After immunization-in-
duced expansion of neuroantigen-restricted encephalitogen-
ic Th cells, these T cells are now equipped to leave the
lymphoreticular environment and invade the bodies’ tissues
scanning for APCs presenting their cognate Ag. Oligoden-
drocytes are ultimately the target of such Th cells in the case
of myelin Ag immunization. They are the CNS’myelinating
cells wrapping their cell membranes around axons to
provide nerve insulation for optimal conductivity. However,
while oligodendrocyte loss and demyelination are ultimately
seen in EAE, oligodendrocytes cannot be directly recog-
nized by CNS-invading T cells as they are incapable of
expressing MHC class II molecules [68]. A compulsory
third party APC is an absolute requirement for encephali-
togenic Th cells to even recognize myelin Ag within the
CNS.
Ag presentation likely occurs at the level of the BBB
promoting entry of T cells into the CNS. Cerebral micro-
vascular endothelial cells have been considered as APCs
because of their large cumulative surface and their unique
anatomical location between circulating T cells and the
extra-vascular sites of antigen exposure. However, endo-
thelial cells, unlike perivascular APCs, do not constitutively
express MHC class II molecules in vivo or in vitro [69]. In
two different models of antigen presentation, brain endo-
thelial cells have failed to induce T-cell proliferation [69, 70,
71]. No data has causally implicated endothelial expression
of class II MHC as an important element in disease.
Oligodendrocytes are the apparent target of the autoim-
mune attack in MS and EAE. It is feasible that MS is in
contrast to EAE, a primary degenerative disease in which
oligodendrocytes undergo premature death resulting in
subsequent immune activation [72]. However, the data
supporting this hypothesis are not numerous. In contrast,
there is overwhelming evidence that immune cells from the
systemic immune compartment become activated and that
myelin-reactive lymphocytes are the prime and initial
mediators of the disease. This is certainly the case in EAE,
where immune tolerance to self (myelin) is broken
resulting in the expansion of myelin-reactive T cells
which subsequently migrate into the CNS to initiate an
inflammatory cascade leading to demyelination, oligoden-
drocyte loss, and axonal degeneration. However, viewing
the CNS only as the defenseless target of such an immune
assault would be oversimplistic. There is now clear
evidence that CNS-associated DCs play a vital role in
target recognition for neuroantigen-reactive T cells and that
CNS resident microglia are crucial for the maintenance of
encephalitogenicity during an immune response. We will
now discuss the different anatomic locations and cellular
compositions of potential encounters between encephali-
togenic T cells and their APCs.
Microglia, sentinels of the CNS parenchyma
Glial cells were initially defined as the glue (Greek: glia)
keeping the neurons in the brain together [59]. Astroglia as
well as oligodendroglia clearly have a supporting function
for neuronal development, sprouting, and activity. In 1932,
the neuropathologist del Rio-Hortega described a third type
of glial cell, later named microglia [73]. Microglia
comprise about 10% of the total glial population in the
CNS parenchyma [59] and are in contrast to the other cells
residing in the CNS parenchyma not of neuroectodermal
but of mesodermic origin. While the origin of microglia has
long been disputed, it has become definitively established
that they are of hematopoietic origin. They share many
properties with macrophages, having developed from a
common precursor cell [74, 75]. The most widely held
hypothesis is that, early in fetal development, myeloid cells
infiltrate the CNS and develop into parenchymal microglia
[76]. Unlike the CNS-associated phagocytes of the lepto-
meninges and the perivascular spaces, microglia are not
readily repopulated by bone-marrow-derived monocytes
during adulthood [77], but there is evidence for regional
turnover at low rates and rapid transformation of blood
monocytes into microglia during pathologies [5, 78].
Under virtually all inflammatory conditions in the CNS,
parenchymal microglial cells rapidly upregulate MHC
class II expression, suggesting that they may participate in
Ag presentation that occurs during the inflammatory
process [57, 75, 79, 80, 81]. Activated microglia also
upregulate co-stimulatory molecules such as CD40, CD80,
and CD86, which equip them for Ag presentation to T cells
[16, 55, 70, 82].
Microglia, like the CNS-associated cells, phagocytose
myelin [83–85], indicating that these cells can activate
myelin-specific CD4 T cells. Microglia infected with
Theiler’s murine encephalomyelitis virus have been dem-
onstrated to be activated to efficiently process and present
not only endogenous viral epitopes but also exogenous
myelin epitopes to CD4 T cells [86]. Human microglia,
either immediately ex vivo or cultured for several days,
have been reported to act as APCs and to induce both
primary and secondary proliferative T-cell responses
[79, 87]. A similar APC potential was also demonstrated
for rat microglia isolated from neonatal brains [18, 88], but
in these studies with neonatal glial cultures, extraneural,
leptomeningeal, and perivascular CNS-associated APCs
were not separated from microglia and may contribute to
T-cell activation. Furthermore, recent reports have raised
the concern on whether such neonatally derived cells
faithfully represent the adult population in vivo. In fact,
microglia isolated from adult mice fail to present antigen to
naïve antigen-specific CD4 T cells [89], but those that are
pretreated with IFNγ or isolated from mice with EAE can
activate T cell lines in an antigen- and CD86-dependent
manner in vitro [90]. Nevertheless, adult rodent microglia
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may not support a typical T-cell activation: T cells become
blasts, express activation markers CD25 (IL2 receptor
alpha chain) and CD134, and produce the cytokines TNFα
and IFNγ, in an antigen-specific manner, but do not
proliferate [7, 91, 92]. Even when MHC class II expression
is enhanced by the induction of systemic graft vs host
disease, the isolated microglia still do not promote
proliferation of T cells but rather induce death of these
cells through apoptotic mechanisms [91]. In line with this
finding, many T cells in the CNS of rodents with EAE
undergo apoptosis within the parenchyma [93], where they
are in contact with microglia. There is now overwhelming
evidence that microglia do not serve as initial APCs to
invading myelin-reactive T cells [16, 17].
The activation and differentiation of CD4 T cells require
MHC class II recognition and co-stimulation. Studies using
adoptive transfer of primed myelin-reactive CD4 T cells
into mice in which APCs can no longer deliver a specific
co-stimulatory signal have identified CD40, CD80/CD86
(B7), and CD134 (OX40) as important for the reactivation
of these T cells in the CNS [94, 95]. The observation that
microglia are largely resistant to radiation while CNS-
associated cells are radiation sensitive has allowed the
generation of radiation bone marrow chimeric mice to
further pinpoint on the most important source of these co-
stimulatory molecules in the CNS in an in vivo setting.
Recent work using such an approach to create bone marrow
chimeric mice in which CD40 is deficient only in microglia
but is intact in CNS-associated cells has revealed that
microglial CD40 is most critical to the reactivation of
peripherally primed encephalitogenic T cells for the
production of Th1 cytokines and chemokines, the recruit-
ment of leukocytes to the CNS parenchyma, and the
progression of EAE [96]. Like murine microglia, human
microglia can express CD40 and, in response to CD40
stimulation, produce IL12 [82, 87]. IL12 is a 70-kDa
heterodimeric, secreted protein consisting of two disulfide-
linked subunits, p35 and p40. The p40 subunit can also
associate with a different p19 subunit to form IL23, which
has recently been shown to be essential in the activation of
the CNS-associated macrophages for autoimmune inflam-
mation in the mouse brain [36, 37, 97]. This study and
others [38, 98] have challenged the view that IL12 is
central in autoimmune inflammation of the CNS. Though
both microglia and CNS-associated macrophages can
produce IL23, only macrophages can respond to this
cytokine [37]. Lastly, it was shown by Heppner et al. that
EAE was considerably repressed in mice in which
microglial cells were transiently “paralyzed”. The inhibited
activation of microglia leads to a reduced inflammation of
the CNS, suggesting that the release of reactive oxygen
species intermediates in addition to cytokines and chemo-
kines by activated microglial cells is crucial for the
development and maintenance of EAE [99]. These
observations collectively allow us to speculate that the
interplay between microglia and macrophages via IL23
may regulate CNS inflammation triggered by primed
autoimmune CD4 T cells. Infiltrating T cells expressing
CD40 ligand (CD154) can stimulate microglial CD40 to
upregulate IL23. This cytokine in turn can directly act on
memory T cells [100] and activates CNS-associated
macrophages to produce critical inflammatory cytokines
(e.g., IL-17) and possibly other co-stimulatory molecules
(e.g., CD80/CD86 and CD134). A better understanding of
the molecular mechanisms regulating the expression of
CD40 and its ligand in the CNS will undoubtedly cast new
light on the functions of these co-stimulatory molecules
beyond T-cell activation.
It remained unresolved whether microglia actually
present antigen to naïve Tcells in vivo during inflammation
until recently. It is likely that T-cell activation and
expansion are subjected to a tighter regulation in the
CNS parenchyma than elsewhere. CNS APCs were indeed
found to inhibit T-cell proliferation through the release of
toxic levels of nitric oxide [92] and to induce T cell
apoptosis through Fas–Fas ligand interaction [7, 91]. For a
long time, microglia have appeared to be the most capable
APCs to initiate and sustain a T-cell-mediated immune
response within the CNS [101]. By combining bone
marrow chimerism and gene targeting, we restricted the
APC capability to either the CNS parenchyma (microglia)
or the systemic immune compartment. Upon transfer of
MOG-reactive T cells, chimeras with MHC class II
expression restricted to the systemic immune compartment
and CNS-associated cells were susceptible to EAE.
However, mice with MHCII expression restricted to the
CNS parenchyma were resistant to the development of
disease [17]. Taken together, these findings provide
evidence that cells within the CNS parenchyma such as
microglia do not serve as APCs permitting lymphocyte
entry. However, for the development of CNS inflammation
and the effector phase during EAE, microglia are pivotal
components. We will later discuss that the CNS-associated
and not CNS residents permit the recognition of the
cognate neuroantigen by CNS-invading T cells.
Astrocytes
While numerous studies have supported the role of
microglia in T-cell activation within the CNS, whether
astrocytes, the major glial populations, also play such a role
is a lively controversy [102–105]. On one hand, both in situ
and in vivo evidence indicate that astrocytes express high
levels of MHC class II and co-stimulatory molecules
(e.g., CD80, CD86, CD40, ICAM-1, and VCAM-1) upon
exposure to IFNγ [106] and are capable of sensing
pathogens through toll-like receptors [107]. It is interesting
to note that CD80 and CD86 are differentially regulated on
astrocytes during the course of EAE: CD86 is upregulated
at the peak disease, while CD80 dominates during
remission [108]. Furthermore, astrocytes express elements
involved in the MHC class II endocytic pathway and are
capable of processing native MBP for presentation to
myelin-specific T cells in vitro [109]. Myelin-specific
T cells that were activated by astrocytes in vitro were
indeed able to transfer EAE in SJL/J mice [110]. Although
both untreated and IFNγ-treated astrocytes can initiate
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secondary T-cell responses, only treated astrocytes activate
naïve T cells [106]. However, many other studies do not
support astrocytes as efficient APCs [18, 111, 112]. It is
interesting that astrocyte-derived soluble factors suppress
LPS induction of co-stimulatory molecules on microglia
and macrophages [47], suggesting that astrocytes are not
only themselves poor stimulators of CD4 T cells but can
also inactivate other APCs.
Unlike microglia, astrocytes may require additional
stimuli in combination with IFNγ to provide stronger
synergistic activation of their APC function [113]. Because
of their phenotypic and functional heterogeneity, astrocytes
may differ in their APC function, and this may add to the
controversy. Moreover, strain differences might influence
the antigen-presenting potential of astrocytes. Upon in
vitro stimulation with IFNγ, astrocytes that were isolated
from EAE-susceptible Lewis rats, but not from EAE-
resistant Brown Norway rats, expressed higher levels of
MHC class II and induced proliferation of myelin-specific
T cell lines [114]. A similar correlation between EAE
susceptibility and astroglial MHC class II induction was
also observed for certain mouse strains [115].
CNS-associated cells, sentinels at the gateway
to the CNS
Compartments in association to the CNS, such as the
Virchow–Robin’s (perivascular) space, the leptomeninges,
and the choroid plexus, contain phagocytes that have been
identified as macrophages and dendritic cells, based on
molecular and functional phenotypes [116, 117]. They are
continuously replenished by bone-marrow-derived mono-
cytes [77, 118]. Their normal turnover may be indeed
exploited by pathogens, such as lentiviruses, to enter the
CNS [117]. Under various pathological conditions, these
CNS-associated cells can increase in number transiently or
for longer periods [119]. Like peripheral macrophages,
they constitutively express high levels of MHC class II,
CD11b, and the leukocyte common antigen CD45, which
distinguish them from the CD45low parenchymal microglia
[79, 120]. Both in vitro and in vivo studies strongly point to
the CNS-associated cells, rather than the microglia, as
competent APCs. When isolated from adult rodent CNS,
they were found to activate both naïve and primed CD4 T
cells, as efficiently as splenic or lymph node APCs, and
even more so than CD45low parenchymal microglia
isolated from the same animals [7, 91, 121]. In vivo
studies using infectious or autoimmune models also
support the immune functions of the CNS-associated
cells. For instance, Matyszak and Perry showed that an
injection of the pathogen Bacillus Calmette–Guerin (BCG)
to the meninges provokes a typical inflammation and a
BCG antigen-specific T-cell response, as seen in the skin
after a subcutaneous challenge [122]. By contrast, no such
immune response was observed when the pathogen was
delivered directly to the CNS parenchyma. Using different
MHC-class-II-restricting T-cell elements, Hickey and
Kimura could show that perivascular APCs “considered
to be macrophages” are sufficient to provide stimulatory
signals for T cells to infiltrate the CNS. However, to induce
EAE, the rats were required to develop graft vs host disease
[123] and thus changing the inflammatory environment
and infiltrates of the CNS.
Due to the strategically important location, between the
outermost basal lamina of the vessel wall endothelium and
the one on top of the glia limitans CNS parenchyma,
perivascular CNS-associated APCs are ideal candidates to
present Ag to invading myelin-reactive T cells. These
CNS-associated cells may engage in de novo processing of
myelin antigen for in situ activation or tolerance induction
of effector/memory as well as naïve T cells. They also seem
strategically positioned for influencing T-cell trafficking to
the CNS parenchyma. When their function is perturbed or
absent, lymphocyte migration into the CNS parenchyma is
blocked and EAE is prevented [124]. In fact, antigen
recognition in perivascular spaces was proposed to be
required for T cells to progress from the Virchow–Robin
space across the glia limitans into the neuropil [125]. CNS-
associated cells have been shown recently to be important
sources of TNFα, which induces glial production
of chemokines, such as TCA3 and MCP, to mediate
leukocyte recruitment and initiation of inflammation in the
parenchyma [126].
Using transgenic mice in which MHC class II is
exclusively targeted to DCs, we showed that DCs alone
are sufficient to present the cognate antigen to MOG-
reactive T cell and are permissive for the development of
CNS inflammation [17]. Furthermore, by augmenting the
number of CNS-associated DCs, upon adoptive transfer
with MOG-reactive T cells, the disease severity of EAE is
increased. In MS lesions, analogous cells, CD209+ DCs,
were detected to be associated with vessels and in close
proximity to invading T cells. These data indicate that
CNS-associated DCs are the crucial APCs in conferring
CNS inflammation of encephalitogenic T cells [17].
In agreement with these results, McMahon et al.
demonstrated in two mouse models of EAE that epitope
spreading occurs directly in the CNS and not in peripheral
lymphoid tissues. They showed that DCs were the most
crucial APC population of the CNS, initiating epitope
spreading in the inflamed CNS [16]. Neither microglia nor
macrophages isolated form the CNS were capable of
stimulating naive myelin-specific T cells. These in vivo
studies collectively strongly suggest that CNS-associated
DCs are capable of initiating both primary and secondary
T-cell responses locally. These CNS-associated APCs, like
certain antigens in the brain, may drain to lymphoid organs
to activate naïve T cells. The outflow of the normal brain
can escape to the interstitial and cerebrospinal fluids, which
follow cranial nerves to drain into nasal lymphatics and
cervical lymph nodes or can drain to the spleen via blood.
Studies tracing these outflow pathways have revealed that,
contrary to the earlier view, both intracranially injected
macrophages and antigens drain preferentially to the
cervical lymph nodes [127–129]. Myelin basic proteins
were indeed elevated in the cerebrospinal fluid of patients
with relapsing–remitting MS [130] and myelin-ingested
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APCs were also abundant in their cervical lymph nodes
[128]. In addition, the cervical lymph nodes of marmoset
and rhesus monkeys that were immunized with only myelin
oligodendrocyte glycoprotein contained an accumulation
of APCs that had engulfed other myelin antigens, such as
myelin basic protein and proteolipid protein [128]. These
observations indicate that myelin antigens must have
drained or that APCs containing them must have migrated
to the cervical lymph nodes from the inflamed CNS.
However, it is unclear whether myelin antigen presenta-
tions in the cervical lymph nodes would result in the
progression or modulation of immune responses in the
CNS. In support of the cervical lymph node implication in
disease, encephalitogenic T cells primed in these lymph
nodes were found to preferentially target the brain [131]
and an ablation of the cervical lymph nodes markedly
attenuated the cryolesion-enhanced EAE in Lewis rats
[132]. Although the drainage of CNS-derived antigens into
the cervical lymph nodes generates local production of
antigen-specific antibodies, it does not provoke a rapid
destruction of the CNS [127]. Moreover, intracranially
injected antigens in normal mice rather evoked a systemic
immune deviation that suppresses normal T-cell effector
activity [133]. Cervical lymph node cells from the
protected mice were able to transfer such suppression to
naïve recipients. However, alymphoplasia mice, which
completely lack all lymph nodes, are fully susceptible to
EAE induced by an adoptive transfer of MOG-reactive T
cells, indicating that the presence of CNS antigen in the
cervical lymph node is a result of CNS inflammation but
not a driving force [17].
Concluding remarks
Immunization of naïve mice with myelin Ags results in the
expansion of potentially pathogenic/encephalitogenic T
cells. Immunization-induced expansion likely occurs within
secondary lymphoid tissues, although recent data from our
laboratory indicate that immunization-induced T-cell prim-
ing can occur outside of such dedicated structures (manu-
script in preparation). Upon activation and maturation,
myelin-reactive T cells migrate through the body’s tissues in
search of their cognate antigen. In perivascular spaces, T
cells apparently re-encounter their cognate antigen presented
by DCs, leading to reactivation enabling the T cells to cross
the glia limitans and to invade the CNS parenchyma. This
confirmation event is vital, as the encounter between
encephalitogenic T cells and MHC-class-II-expressing
DCs is an absolute requirement for disease development.
T cells which recognize non-myelin Ags can also travel into
this location but will not receive their reconfirmation signal
[134]. After this second encounter with their cognate Ag, T
cells cross the glia limitans and migrate deeper into the CNS
parenchyma where they can activate CNS resident micro-
glia. They in turn will produce a host of vasoactive
substances, cytokines, and chemokines, leading to the
invasion of other leukocytes such as poly- and mono-
morphonucleated phagocytes. The presence of such inflam-
matory mediators including IL23 ultimately leads to the
development of a tissue lesion. While the precise factors that
lead to the collateral tissue damage of myelinating tissue
remain to be definitively established, our current knowledge
on target recognition and the location of vital T cell/APC
interactions could lead to the development of novel
therapeutic strategies for the treatment of inflammatory
CNS diseases.
Under steady-state and physiologic conditions, the
CNS-associated APCs are likely to be vital for the
maintenance of peripheral tolerance. Immune surveillance
of the CNS under non-pathologic conditions appears to be
essential for the control of CNS pathogens. The goal now
would be to use this knowledge and to target these APCs to
reestablish peripheral immune tolerance against self and to
use this approach as a therapeutic strategy for the treatment
of neuroimmune disorders.
References
1. Medawar PB (1948) Immunity to homologous grafted skin. III.
The fate of skin homografts transplanted to the brain, to
subcutaneous tissue, and to the anterior chamber of the eye. Br
J Exp Pathol 29:58–74
2. Billingham RE, Boswell T (1953) Studies on the problem of
corneal homografts. Proc R Soc Lond B Biol Sci 141:392–406
3. Barker CF, Billingham RE (1977) Immunologically privileged
sites. Adv Immunol 25:1–54
4. Hickey WF (2001) Basic principles of immunological surveil-
lance of the normal central nervous system. Glia 36:118–124
5. Bechmann I (2005) Failed central nervous system regeneration: a
downside of immune privilege? Neuromolecular Med 7:217–228
6. Cserr HF, Knopf PM (1992) Cervical lymphatics, the blood–
brain barrier and the immunoreactivity of the brain: a new view.
Immunol Today 13:507–512
7. Carson MJ, Sutcliffe JG, Campbell IL (1999) Microglia
stimulate naive T-cell differentiation without stimulating
T-cell proliferation. J Neurosci Res 55:127–134
8. Hatterer E, Davoust N, Didier-Bazes M, Vuaillat C, Malcus C,
Belin M-F, Nataf S (2006) How to drain without lymphatics?
Dendritic cells migrate from the cerebrospinal fluid to the
B-cell follicles of cervical lymph nodes. Blood 107:806–812
9. Karman J, Ling C, Sandor M, Fabry Z (2004) Initiation of
immune responses in brain is promoted by local dendritic cells.
J Immunol 173:2353–2361
10. Steinman L (1996) Multiple sclerosis: a coordinated immuno-
logical attack against myelin in the central nervous system. Cell
85:299–302
11. Filippi M, Rocca MA (2003) MRI aspects of the “inflammatory
phase” of multiple sclerosis. Neurol Sci 24(Suppl 5):S275–S278
12. Bakshi R, Hutton GJ, Miller JR, Radue EW (2004) The use of
magnetic resonance imaging in the diagnosis and long-term
management of multiple sclerosis. Neurology 63:S3–S11
13. Lin X, Blumhardt LD (2001) Inflammation and atrophy in
multiple sclerosis: MRI associations with disease course.
J Neurol Sci 189:99–104
14. Antel JP, Becher B (1998) Central nervous system–immune
interactions. In: Antel J, Birnbaum G, Hartung HP (eds)
Clinical Neuroimmunology. BlackwellScience Publishing
House, Chapter 3, pp 26–39
15. Katz-Levy Y, Neville KL, Girvin AM, Vanderlugt CL, Pope
JG, Tan LJ, Miller SD (1999) Endogenous presentation of self
myelin epitopes by CNS-resident APCs in Theiler’s virus-
infected mice. J Clin Invest 104:599–610 (Comments)
16. McMahon EJ, Bailey SL, Castenada CV, Waldner H, Miller SD
(2005) Epitope spreading initiates in the CNS in two mouse
models of multiple sclerosis. Nat Med 11:335–339
539
17. Greter M, Heppner FL, Lemos MP, Odermatt BM, Goebels N,
Laufer T, Noelle RJ, Becher B (2005) Dendritic cells permit
immune invasion of the CNS in an animal model of multiple
sclerosis. Nat Med 11:328–334
18. Matsumoto Y, Ohmori K, Fujiwara M (1992) Immune regulation
by brain cells in the central nervous system: microglia but not
astrocytes present myelin basic protein to encephalitogenic
T cells under in vivo-mimicking conditions. Immunology
76:209–216
19. Hickey WF (1991) Migration of hematogenous cells through
the blood–brain barrier and the initiation of CNS inflammation.
Brain Pathol 1:97–105
20. Croft M, Bradley LM, Swain SL (1994) Naive versus memory
CD4 T cell response to antigen. Memory cells are less
dependent on accessory cell costimulation and can respond to
many antigen-presenting cell types including resting B cells.
J Immunol 152:2675–2685
21. Gause WC, Lu P, Zhou XD, Chen SJ, Madden KB, Morris SC,
Linsley PS, Finkelman FD, Urban JF (1996) H. polygyrus:
B7-independence of the secondary type 2 response. Exp
Parasitol 84:264–273
22. Mellman I, Steinman RM (2001) Dendritic cells: specialized
and regulated antigen processing machines. Cell 106:255–258
23. Friese MA, Fugger L (2005) Autoreactive CD8+ T cells in
multiple sclerosis: a new target for therapy? Brain 128:1747–1763
24. Goverman J, Perchellet A, Huseby ES (2005) The role of CD8
(+) T cells in multiple sclerosis and its animal models. Curr
Drug Targets Inflamm Allergy 4:239–245
25. Sun D, Whitaker JN, Huang Z, Liu D, Coleclough C, Wekerle
H, Raine CS (2001) Myelin antigen-specific CD8+ T cells are
encephalitogenic and produce severe disease in C57BL/6 mice.
J Immunol 166:7579–7587
26. Ford ML, Evavold BD (2005) Specificity, magnitude, and
kinetics of MOG-specific CD8+ T cell responses during
experimental autoimmune encephalomyelitis. Eur J Immunol
35:76–85
27. Huseby ES, Liggitt D, Brabb T, Schnabel B, Ohlen C,
Goverman J (2001) A pathogenic role for myelin-specific
CD8(+) T cells in a model for multiple sclerosis. J Exp Med
194:669–676
28. Linker RA, Rott E, Hofstetter HH, Hanke T, Toyka KV, Gold R
(2005) EAE in beta-2 microglobulin-deficient mice: axonal
damage is not dependent on MHC-I restricted immune
responses. Neurobiol Dis 19:218-228
29. Vizler C, Bercovici N, Cornet A, Cambouris C, Liblau RS
(1999) Role of autoreactive CD8+ T cells in organ-specific
autoimmune diseases: insight from transgenic mouse models.
Immunol Rev 169:81–92
30. Miller JF, Morahan G (1992) Peripheral T cell tolerance. Annu
Rev Immunol 10:51–69
31. Steinman L, Martin R, Bernard C, Conlon P, Oksenberg JR
(2002) Multiple sclerosis: deeper understanding of its patho-
genesis reveals new targets for therapy. Annu Rev Neurosci
25:491–505
32. Lafaille JJ, Keere FV, Hsu AL, Baron JL, Haas W, Raine CS,
Tonegawa S (1997) Myelin basic protein-specific T helper 2
(Th2) cells cause experimental autoimmune encephalomyelitis
in immunodeficient hosts rather than protect them from the
disease. J Exp Med 186:307–312
33. Chu CQ, Wittmer S, Dalton DK (2000) Failure to suppress the
expansion of the activated CD4 T cell population in interferon
gamma-deficient mice leads to exacerbation of experimental
autoimmune encephalomyelitis. J Exp Med 192:123–128
34. Billiau A, Heremans H, Vandekerckhove F, Dijkmans R, Sobis
H, Meulepas E, Carton H (1988) Enhancement of experimental
allergic encephalomyelitis in mice by antibodies against
IFN-gamma. J Immunol 140:1506–1510
35. Willenborg DO, Fordham SA, Staykova MA, Ramshaw IA,
Cowden WB (1999) IFN-gamma is critical to the control of
murine autoimmune encephalomyelitis and regulates both in
the periphery and in the target tissue: a possible role for nitric
oxide. J Immunol 163:5278–5286
36. Becher B, Durell BG, Noelle RJ (2002) Experimental autoim-
mune encephalitis and inflammation in the absence of
interleukin-12. J Clin Invest 110:493–497
37. Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B,
Lucian L, To W, Kwan S, Churakova T, Zurawski S,
Wiekowski M, Lira SA, Gorman D, Kastelein RA, Sedgwick
JD (2003) Interleukin-23 rather than interleukin-12 is the
critical cytokine for autoimmune inflammation of the brain.
Nature 421:744–748
38. Gran B, Zhang GX, Yu S, Li J, Chen XH, Ventura ES, Kamoun
M, Rostami A (2002) IL-12p35-deficient mice are susceptible
to experimental autoimmune encephalomyelitis: evidence for
redundancy in the IL-12 system in the induction of central
nervous system autoimmune demyelination. J Immunol
169:7104–7110
39. Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham
B, Sedgwick JD, McClanahan T, Kastelein RA, Cua DJ (2005)
IL-23 drives a pathogenic T cell population that induces
autoimmune inflammation. J Exp Med 201:233–240
40. Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang YH,
Wang Y, Hood L, Zhu Z, Tian Q, Dong C (2005) A distinct
lineage of CD4 T cells regulates tissue inflammation by
producing interleukin 17. Nat Immunol 6:1133–1141
41. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL,
Murphy KM, Weaver CT (2005) Interleukin 17-producing CD4+
effector T cells develop via a lineage distinct from the T helper
type 1 and 2 lineages. Nat Immunol 6:1123–1132
42. Kwidzinski E, Mutlu LK, Kovac AD, Bunse J, Goldmann J,
Mahlo J, Aktas O, Zipp F, Kamradt T, Nitsch R, Bechmann I
(2003) Self-tolerance in the immune privileged CNS: lessons
from the entorhinal cortex lesion model. J Neural Transm Suppl
(65)29–49
43. Becher B, Barker PA, Owens T, Antel JP (1998) CD95-CD95L
—can the brain learn from the immune system? Trends Neurosci
21:114–117
44. Bechmann I, Mor G, Nilsen J, Eliza M, Nitsch R, Naftolin F
(1999) FasL (CD95L, Apo1L) is expressed in the normal rat and
human brain: evidence for the existence of an immunological
brain barrier. Glia 27:62–74
45. Vitkovic L, Maeda S, Sternberg E (2001) Anti-inflammatory
cytokines: expression and action in the brain. Neuroimmuno-
modulation 9:295–312
46. Frohman EM, Frohman TC, Vayuvegula B, Gupta S, van den
Noort S (1988) Vasoactive intestinal polypeptide inhibits the
expression of the MHC class II antigens on astrocytes. J Neurol
Sci 88:339–346
47. Hailer NP, Heppner FL, Haas D, Nitsch R (1998) Astrocytic
factors deactivate antigen presenting cells that invade the
central nervous system. Brain Pathol 8:459–474
48. Kwidzinski E, Bunse J, Aktas O, Richter D, Mutlu L, Zipp F,
Nitsch R, Bechmann I (2005) Indolamine 2,3-dioxygenase
is expressed in the CNS and down-regulates autoimmune
inflammation. FASEB J 19:1347–1349
49. McGavern DB, Homann D, Oldstone MB (2002) T cells in the
central nervous system: the delicate balance between viral
clearance and disease. J Infect Dis 186(Suppl 2):S145–S151
50. Cole GA, Nathanson N, Prendergast RA (1972) Requirement
for theta-bearing cells in lymphocytic choriomeningitis virus-
induced central nervous system disease. Nature 238:335–337
51. Doherty PC, Allan JE, Lynch F, Ceredig R (1990) Dissection of
an inflammatory process induced by CD8+ T cells. Immunol
Today 11:55–59
52. Lublin F (2005) Multiple sclerosis trial designs for the 21(st)
century: building on recent lessons. J Neurol 252(Suppl 5):
v46–v53
53. An SF, Ciardi A, Giometto B, Scaravilli T, Gray F, Scaravilli F
(1996) Investigation on the expression of major histocompat-
ibility complex class II and cytokines and detection of HIV-1
DNA within brains of asymptomatic and symptomatic HIV-1-
positive patients. Acta Neuropathol (Berl) 91:494–503
540
54. Dorries R (2001) The role of T-cell-mediated mechanisms in
virus infections of the nervous system. Curr Top Microbiol
Immunol 253:219–245
55. Bechmann I, Peter S, Beyer M, Gimsa U, Nitsch R (2001)
Presence of B7-2 (CD86) and lack of B7-1 (CD(80) on myelin
phagocytosing MHC-II-positive rat microglia is associated with
nondestructive immunity in vivo. FASEB J 15:1086–1088
56. Maehlen J, Olsson T, Zachau A, Klareskog L, Kristensson K
(1989) Local enhancement of major histocompatibility complex
(MHC) class I and II expression and cell infiltration in
experimental allergic encephalomyelitis around axotomized
motor neurons. J Neuroimmunol 23:125–132
57. McGeer PL, Kawamata T, Walker DG, Akiyama H, Tooyama I,
McGeer EG (1993) Microglia in degenerative neurological
disease. Glia 7:84–92
58. O’Keefe GM, Nguyen VT, Benveniste EN (2002) Regulation
and function of class II major histocompatibility complex, CD40,
and B7 expression in macrophages and microglia: implications
in neurological diseases. J Neurovirology 8:496–512
59. Perry VH (1998) A revised view of the central nervous system
microenvironment and major histocompatibility complex class
II antigen presentation. J Neuroimmunol 90:113–121
60. Konno H, Yamamoto T, Suzuki h, Yamamoto H, Iwasaki Y,
Ohara Y, Terunuma H, Harata N (1990) Targeting of adoptively
transferred experimental allergic encephalitis lesion at the sites
of wallerian degeneration. Acta Neuropathol (Berl) 80:521–526
61. Hammarberg H, Lidman O, Lundberg C, Eltayeb SY, Gielen
AW, Muhallab S, Svenningsson A, Linda H, van Der Meide
PH, Cullheim S, Olsson T, Piehl F (2000) Neuroprotection by
encephalomyelitis: rescue of mechanically injured neurons and
neurotrophin production by CNS-infiltrating T and natural
killer cells. J Neurosci 20:5283–5291
62. Hohlfeld R, Kerschensteiner M, Stadelmann C, Lassmann H,
Wekerle H (2000) The neuroprotective effect of inflammation:
implications for the therapy of multiple sclerosis. J Neuroimmunol
107:161–166
63. Schwartz M (2001) T cell mediated neuroprotection is a
physiological response to central nervous system insults. J Mol
Med 78:594–597
64. Jones TB, Ankeny DP, Guan Z, McGaughy V, Fisher LC, Basso
DM, Popovich PG (2004) Passive or active immunization with
myelin basic protein impairs neurological function and exacer-
bates neuropathology after spinal cord injury in rats. J Neurosci
24:3752–3761
65. Jones TB, Basso DM, Sodhi A, Pan JZ, Hart RP, MacCallum
RC, Lee S, Whitacre CC, Popovich PG (2002) Pathological CNS
autoimmune disease triggered by traumatic spinal cord injury:
implications for autoimmune vaccine therapy. J Neurosci
22:2690–2700
66. Goebels N, Hofstetter H, Schmidt S, Brunner C, Wekerle H,
Hohlfeld R (2000) Repertoire dynamics of autoreactive T cells
in multiple sclerosis patients and healthy subjects: epitope
spreading versus clonal persistence. Brain 123(Pt 3):508–518
67. Meinl E, Hohlfeld R (2002) Immunopathogenesis of multiple
sclerosis: MBP and beyond. Clin Exp Immunol 128:395–397
68. Lee SC, Raine CS (1989) Multiple sclerosis: oligodendrocytes
in active lesions do not express class II major histocompatibility
complex molecules. J Neuroimmunol 25:261–266
69. Prat A, Becher B, Antel JP (1999) Induction of B7.1 and B7.2
co-stimulatory molecules on the surface of human brain
endothelial cells. J Neuroimmunol 90:24
70. Becher B, Prat A, Antel JP (2000) Brain–immune connection:
immuno-regulatory properties of CNS-resident cells. Glia
29:293–304
71. Risau W, Engelhardt B, Wekerle H (1990) Immune function of
the blood–brain barrier: incomplete presentation of protein
(auto-)antigens by rat brain microvascular endothelium in vitro.
J Cell Biol 110:1757–1766
72. Prineas JW (1979) Multiple sclerosis: presence of lymphatic
capillaries and lymphoid tissue in the brain and spinal cord.
Science 203:1123–1125
73. del Rio-Hortega P (1932) Microglia. In: Penfield W (ed)
Cytology and cellular pathology of the nervous system. Hoeber,
New York, pp 481–534
74. Schmidtmayer J, Jacobsen C, Miksch G, Sievers J (1994)
Blood monocytes and spleen macrophages differentiate into
microglia-like cells on monolayers of astrocytes: membrane
currents. Glia 12:259–267
75. Streit WJ, Graeber MB (1993) Heterogeneity of microglial and
perivascular cell populations: insights gained from the facial
nucleus paradigm. Glia 7:68–74
76. Alliot F, Godin I, Pessac B (1999) Microglia derive from
progenitors, originating from the yolk sac, and which prolif-
erate in the brain. Brain Res Dev Brain Res 117:145–152
77. Hickey WF, Vass K, Lassmann H (1992) Bone marrow-derived
elements in the central nervous system: an immunohistochemical
and ultrastructural survey of rat chimeras. J Neuropathol Exp
Neurol 51:246–256
78. Priller J, Flugel A, Wehner T, Boentert M, Haas CA, Prinz M,
Fernandez-Klett F, Prass K, Bechmann I, de Boer BA,
Frotscher M, Kreutzberg GW, Persons DA, Dirnagl U (2001)
Targeting gene-modified hematopoietic cells to the central
nervous system: use of green fluorescent protein uncovers
microglial engraftment. Nat Med 7:1356–1361
79. Becher B, Antel JP (1996) Comparison of phenotypic and
functional properties of immediately ex vivo and cultured
human adult microglia. Glia 18:1–10
80. Sedgwick JD, Ford AL, Foulcher F, Airriess R (1998) Central
nervous system microglial cell activation and proliferation
follows direct interaction with tissue-infiltrating T cell blasts.
J Immunol 160:5320–5330
81. Ulvestad E, Williams K, Bo L, Trapp B, Antel J, Mork S (1994)
HLA class II molecules (HLA-DR, -DP, -DQ) on cells in the
human CNS studied in situ and in vitro. Immunology 82:535–541
82. Aloisi F (2001) Immune function of microglia. Glia 36:165–179
83. Li H, Newcombe J, Groome NP, Cuzner ML (1993)
Characterization and distribution of phagocytic macrophages
in multiple sclerosis plaques. Neuropathol Appl Neurobiol
19:214–223
84. Slobodov U, Reichert F, Mirski R, Rotshenker S (2001)
Distinct inflammatory stimuli induce different patterns of
myelin phagocytosis and degradation in recruited macrophages.
Exp Neurol 167:401–409
85. Williams K, Ulvestad E, Waage A, Antel JP, McLaurin J (1994)
Activation of adult human derived microglia by myelin
phagocytosis in vitro. J Neurosci Res 38:433–443
86. Olson JK, Eagar TN, Miller SD (2002) Functional activation of
myelin-specific T cells by virus-induced molecular mimicry.
J Immunol 169:2719–2726
87. Becher B, Blain M, Antel JP (2000) CD40 engagement
stimulates IL-12 p70 production by human microglial cells:
basis for Th1 polarization in the CNS. J Neuroimmunol
102:44–50
88. Frei K, Siepl C, Groscurth P, Bodmer S, Schwerdel C, Fontana
A (1987) Antigen presentation and tumor cytotoxicity by
interferon-gamma-treated microglial cells. Eur J Immunol
17:1271–1278
89. Havenith CE, Askew D, Walker WS (1998) Mouse resident
microglia: isolation and characterization of immunoregulatory
properties with naive CD4+ and CD8+ T-cells. Glia 22:348–359
90. Krakowski ML, Owens T (1997) The central nervous system
environment controls effector CD4+ T cell cytokine profile in
experimental allergic encephalomyelitis. Eur J Immunol
27:2840–2847
91. Ford AL, Foulcher E, Lemckert FA, Sedgwick JD (1996)
Microglia induce CD4 T lymphocyte final effector function and
death. J Exp Med 184:1737–1745
92. Juedes AE, Ruddle NH (2001) Resident and infiltrating central
nervous system APCs regulate the emergence and resolution of
experimental autoimmune encephalomyelitis. J Immunol 166:
5168–5175
541
93. Pender MP, Rist MJ (2001) Apoptosis of inflammatory cells in
immune control of the nervous system: role of glia. Glia
36:137–144
94. Howard LM, Miller SD (2001) Autoimmune intervention by
CD154 blockade prevents T cell retention and effector function
in the target organ. J Immunol 166:1547–1553
95. Weinberg AD, Wegmann KW, Funatake C, Whitham RH (1999)
Blocking OX-40/OX-40 ligand interaction in vitro and in vivo
leads to decreased T cell function and amelioration of experi-
mental allergic encephalomyelitis. J Immunol 162:1818–1826
96. Becher B, Durell BG, Miga AV, Hickey WF, Noelle RJ (2001)
The clinical course of experimental autoimmune encephalomy-
elitis and inflammation is controlled by the expression of CD40
within the central nervous system. J Exp Med 193:967–974
97. Becher B, Durell BG, Noelle RJ (2003) IL-23 produced by
CNS-resident cells controls T cell encephalitogenicity during
the effector phase of experimental autoimmune encephalomy-
elitis. J Clin Invest 112:1186–1191
98. Mendel I, Shevach EM (2002) Differentiated Th1 autoreactive
effector cells can induce experimental autoimmune encephalo-
myelitis in the absence of IL-12 and CD40/CD40L interactions.
J Neuroimmunol 122:65–73
99. Heppner FL, Greter M, Marino D, Falsig J, Raivich G,
Hovelmeyer N, Waisman A, Rulicke T, Prinz M, Priller J, Becher
B, Aguzzi A (2005) Experimental autoimmune encephalomyelitis
repressed by microglial paralysis. Nat Med 11:146–152
100. Frucht DM (2002) IL-23: a cytokine that acts on memory T
cells. Sci STKE 2002:E1
101. Ulvestad E, Williams K, Bjerkvig R, Tiekotter K, Antel J, Matre
R (1994) Human microglial cells have phenotypic and func-
tional characteristics in common with both macrophages and
dendritic antigen-presenting cells. J Leukoc Biol 56:732–740
102. Fontana A, Fierz W, Wekerle H (1984) Astrocytes present
myelin basic protein to encephalitogenic T-cell lines. Nature
307:273–276
103. Aloisi F, Ria F, Adorini L (2000) Regulation of T-cell
responses by CNS antigen-presenting cells: different roles for
microglia and astrocytes. Immunol Today 21:141–147
104. De Keyser J, Zeinstra E, Frohman E (2003) Are astrocytes
central players in the pathophysiology of multiple sclerosis?
Arch Neurol 60:132–136
105. Dong Y, Benveniste EN (2001) Immune function of astrocytes.
Glia 36:180–190
106. Nikcevich KM, Gordon KB, Tan L, Hurst SD, Kroepfl JF,
Gardinier M, Barrett TA, Miller SD (1997) IFN-gamma-
activated primary murine astrocytes express B7 costimulatory
molecules and prime naive antigen-specific T cells. J Immunol
158:614–621
107. Jack CS, Arbour N, Manusow J, Montgrain V, Blain M,
McCrea E, Shapiro A, Antel JP (2005) TLR signaling tailors
innate immune responses in human microglia and astrocytes.
J Immunol 175:4320–4330
108. Issazadeh S, Navikas V, Schaub M, Sayegh M, Khoury S
(1998) Kinetics of expression of costimulatory molecules and
their ligands in murine relapsing experimental autoimmune
encephalomyelitis in vivo. J Immunol 161:1104–1112
109. Soos JM, Morrow J, Ashley TA, Szente BE, Bikoff EK,
Zamvil SS (1998) Astrocytes express elements of the class II
endocytic pathway and process central nervous system auto-
antigen for presentation to encephalitogenic T cells. J Immunol
161:5959–5966
110. Tan L, Gordon KB, Mueller JP, Matis LA, Miller SD (1998)
Presentation of proteolipid protein epitopes and B7-1-depen-
dent activation of encephalitogenic T cells by IFN-gamma-
activated SJL/J astrocytes. J Immunol 160:4271–4279
111. Aloisi F, Ria F, Columba-Cabezas S, Hess H, Penna G,
Adorini L (1999) Relative efficiency of microglia, astrocytes,
dendritic cells and B cells in naive CD4+ T cell priming and
Th1/Th2 cell restimulation. Eur J Immunol 29:2705–2714
112. Cross AH, Ku G (2000) Astrocytes and central nervous system
endothelial cells do not express B7-1 (CD80) or B7-2 (CD86)
immunoreactivity during experimental autoimmune encepha-
lomyelitis. J Neuroimmunol 110:76–82
113. Williams KC, Dooley NP, Ulvestad E, Waage A, Blain M,
Yong VW, Antel JP (1995) Antigen presentation by human
fetal astrocytes with the cooperative effect of microglia or the
microglial-derived cytokine IL-1. J Neurosci 15:1869–1878
114. Klyushnenkova EN, Vanguri P (1997) Ia expression and antigen
presentation by glia: strain and cell type-specific differences
among rat astrocytes and microglia. J Neuroimmunol 79:
190–201
115. Massa PT, ter Meulen V, Fontana A (1987) Hyperinducibility
of Ia antigen on astrocytes correlates with strain-specific
susceptibility to experimental autoimmune encephalomyelitis.
Proc Natl Acad Sci USA 84:4219–4223
116. McMenamin PG (1999) Distribution and phenotype of
dendritic cells and resident tissue macrophages in the dura
mater, leptomeninges, and choroid plexus of the rat brain as
demonstrated in wholemount preparations. J Comp Neurol
405:553–562
117. Williams KC, Corey S, Westmoreland SV, Pauley D, Knight
H, deBakker C, Alvarez X, Lackner AA (2001) Perivascular
macrophages are the primary cell type productively infected by
simian immunodeficiency virus in the brains of macaques:
implications for the neuropathogenesis of AIDS. J Exp Med
193:905–915
118. Bechmann I, Kwidzinski E, Kovac AD, Simburger E, Horvath
T, Gimsa U, Dirnagl U, Priller J, Nitsch R (2001) Turnover of
rat brain perivascular cells. Exp Neurol 168:242–249
119. Williams K, Alvarez X, Lackner AA (2001) Central nervous
system perivascular cells are immunoregulatory cells that
connect the CNS with the peripheral immune system. Glia
36:156–164
120. Sedgwick JD, Schwender S, Imrich H, Dorries R, Butcher GW,
ter Meulen V (1991) Isolation and direct characterization of
resident microglial cells from the normal and inflamed central
nervous system. Proc Natl Acad Sci USA 88:7438–7442
121. Carson MJ, Reilly CR, Sutcliffe JG, Lo D (1998) Mature
microglia resemble immature antigen presenting cells. Glia
22:72–85
122. Matyszak MK, Perry VH (1998) Bacillus Calmette–Guerin
sequestered in the brain parenchyma escapes immune
recognition. J Neuroimmunol 82:73–80
123. Hickey WF, Kimura H (1988) Perivascular microglial cells of
the CNS are bone marrow-derived and present antigen in vivo.
Science 239:290–292
124. Tran EH, Hoekstra K, van Rooijen N, Dijkstra CD, Owens T
(1998) Immune invasion of the central nervous system
parenchyma and experimental allergic encephalomyelitis, but
not leukocyte extravasation from blood, are prevented in
macrophage-depleted mice. J Immunol 161:3767–3775
125. Archambault AS, Sim J, Gimenez MA, Russell JH (2005)
Defining antigen-dependent stages of T cell migration from the
blood to the central nervous system parenchyma. Eur J
Immunol 35:1076–1085
126. Murphy CA, Hoek RM, Wiekowski MT, Lira SA, Sedgwick
JD (2002) Interactions between hemopoietically derived TNF
and central nervous system-resident glial chemokines underlie
initiation of autoimmune inflammation in the brain. J Immunol
169:7054–7062
127. Cserr HF, Knopf PM (1992) Cervical lymphatics, the blood–
brain barrier and the immunoreactivity of the brain: a new
view. Immunol Today 13:507–512
128. de Vos AF, van Meurs M, Brok HP, Boven LA, Hintzen RQ,
van der Valk P, Ravid R, Rensing S, Boon L, ’t Hart BA,
Laman JD (2002) Transfer of central nervous system
autoantigens and presentation in secondary lymphoid organs.
J Immunol 169:5415–5423
542
129. Fabriek BO, Zwemmer JN, Teunissen CE, Dijkstra CD,
Polman CH, Laman JD, Castelijns JA (2005) In vivo detection
of myelin proteins in cervical lymph nodes of MS patients
using ultrasound-guided fine-needle aspiration cytology.
J Neuroimmunol 161:190–194
130. Lamers KJ, de Reus HP, Jongen PJ (1998) Myelin basic
protein in CSF as indicator of disease activity in multiple
sclerosis. Mult Scler 4:124–126
131. Lake J, Weller RO, Phillips MJ, Needham M (1999)
Lymphocyte targeting of the brain in adoptive transfer
cryolesion-EAE. J Pathol 187:259–265
132. Phillips MJ, Needham M, Weller RO (1997) Role of cervical
lymph nodes in autoimmune encephalomyelitis in the Lewis
rat. J Pathol 182:457–464
133. Wenkel H, Streilein JW, Young MJ (2000) Systemic immune
deviation in the brain that does not depend on the integrity of
the blood–brain barrier. J Immunol 164:5125–5131
134. Krakowski ML, Owens T (2000) Naive T lymphocytes traffic
to inflamed central nervous system, but require antigen
recognition for activation. Eur J Immunol 30:1002–1009
543
